Induced plasma magnetization due to magnetic monopoles 
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When magnetic monopoles are introduced in plasma equations, the propagation of electromag- 
netic waves is modified. In this work is shown that this modification leads to the emergence of a 
ponderomotive force which induces a magnetization of the plasma. As a result, a cyclotron frequency 
is induced in electrons. This frequency is proportional to the square of the magnetic charge. 
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I. INTRODUCTION 

A common problem in electrodynamics and plasma 
physics courses, which vividly illustrates the phenomenon 
of propagation of waves through a plasma, is the calcu- 
lation of the dispersion relation of electromagnetic trans- 
verse waves propagating in a plasma composed by fixed 
ions and moving electrons. Such a problem is widely used 
to introduce concepts like cutoff and plasma frequencies, 
as well as, group and phase velocity of a wave. 

On the other hand, it is well known that the Maxwell's 
equations become symmetric when electric and magnetic 
charges (magnetic monopoles) are theorized [l| . Even, in 
an elegant theoretical demonstration, Dirac shown that 
the simple existence of only one magnetic monopole in 
the universe leads to an explanation of the quantization 
of the elementary electric charge @, H| . 

Once magnetic monopoles are introduced in Maxwell's 
equations, they become simmetric and it is expected that 
new effects appear due to their simmetry. Including mag- 
netic charges, the equations are 
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where p e is the electron charge density, p g is the magnetic 
charge density, J e is the electron current density, and 3 g 
is the magnetic current density. 

A simple test is to consider a plasma containing elec- 
tric and magnetic charges. Such analysis has great the- 
oretical [3, El and pedagogical @ value, because of its 
simplicity, and the discussion that emerges from these 
studies. 

As a simple theoretical exercise we show how a magne- 
tization is induced in a plasma when magnetic charges are 
introduced. The problem is the following: we have a gas 



composed by magnetic monopoles and electrons. Sud- 
denly, an electromagnetic wave passed through this fluid. 
We look for the effect in the propagation of the very well- 
known simplest wave modes when magnetic monopoles 
are included. 



II. ELECTROMAGNETIC WAVES 

Let us consider a plasma as a fluid which contains 
electrons, with charge — e and mass m e , and magnetic 
monopoles with magnetic charge g and mass m g . Let 
us suppose that there exist other particles with respec- 
tives opposite electron and magnetic charges and with 
the same densities, which provide the total charge neu- 
trality of this plasma @ . 

The magnetic monopoles modify the well-known dis- 
persion relation for electromagnetic waves. In this sec- 
tion, we show the derivation of the relation for this 
propagation mode considering the electric and magnetic 
charges as a fluids and perturbing their equilibrium ve- 
locities. In order to do this, we expand every quantity 
in Maxwell's equations (j> as 4>q + 4>\ , where (f>o is the 
zeroth order (equilibrium) value of <fi, and <pi is the first 
order perturbation. In that sense, throughout this work, 
electrons have a zeroth order electron density no e and a 
first order electron density n e . In a similar way, mag- 
netic monopoles have an zeroth order magnetic density 
n,Qg and a first order magnetic density n g . Thus, the first 
order electric charge density is p e = —en e and the first 
order magnetic charge density is p = gn g . Thereby, the 
first order electric and magnetic current density are 



-en 0e v e 



(3) 



where v e and v g are the first order electron and mag- 
netic monopole velocities respectively. Both zeroth order 
velocities are null. 

As in the case of a cold plasma, the classical equations 
of motion for electrons and magnetic monopoles at 
first order are 
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As seen, the Lorentz force over a magnetic monopole is 
the same as for an electron but changing electric fields 
by magnetic field and vice versa. 

In order to obtain the dispersion relation, the usual 
method is apply a Fourier transform over all the lin- 
earized equations with the form exp(ik ■ r — iut), where 
to is the frequency and k is the wavenumber of the wave. 
Thus, the equations of motion (|4]) becomes 
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(5) 



respectively. Here v e is the Fourier transform of v e , and 
the same for the other quantities. 

We can write the electron and magnetic current den- 
sity with the help of the velocities given by Eqs. ([5]). 
Therefore, Eqs. ([2]) can be rewritten as 



ck x Bi 
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E : , ck x Ex = a Bx , 

(6) 

where we define the electron plasma frecuency and a mag- 
netic monopole plasma frecuency respectively as 
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Finally, the dispersion relation for a transversal elec- 
tromagnetic wave, with k • Ex =0, in an electron plasma 
with magnetic monopoles can be obtained from Eqs. 
This gives 



1 
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Dispersion relation ([8]) have been obtained previously 
in Ref. [6]. Notice that when magnetic monopoles are 
neglected, uj m = and we recover the usual dispersion 
relation lu 2 = Lu 2 + c 2 k 2 for electromagnetic waves in cold 
plasmas. 



III. MAGNETIZATION DUE TO 
PONDEROMOTIVE FORCE 

By incorporating magnetic charges can be seen several 
effects in the propagation of waves through plasmas 
We focus on the emergence of a magnetic field due to the 
ponderomotive force that the wave exerts on the elec- 
trons. This magnetization appears due to the magnetic 
charge corrections in dispersion relation (jBJ) . Similarly to 
the inclusion of magnetic monopoles, it has been studied 
the plasma magnetization when quantum effects are con- 
sidered in the calculation of the dispersion relation of an 
electron plasma 0, [|| ■ 

The ponderomotive force f induced by the high- 
frequency electromagnetic waves in a plasma is given in 
general by f = f W + f ('), where the ponderomotive forces 



f ( s ) and f « are related to the space (s) and time (t) varia- 
tions of the amplitude |Ei| of the electric field. This force 
is a nonlinear effect which origin is the inhomogeneity of 
the electromagnetic field. Each force component is given 
by 1 
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where e = c 2 k 2 /lu 2 is the dielectric function of the prop- 
agation mode. Using the dielectric function e of the dis- 
persion relation ([5]) , we can calculate the ponderomotive 
force for the high-frequency electromagnetic wave. It is 
straightforward to obtain an expression for the podero- 
motive force related to time variations 



f (t) 
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Notice that the effects of magnetic charges in the pon- 
deromotive force are in uj m . When oj m — the pondero- 
motive force fw is null. 

The effect of ponderomotive force of the electromag- 
netic wave is to push the electrons locally. Thus, it cre- 
ates a slowly varying electric field Eg, such that f = 
eno e E s = -en Oe V0 s - (eno e /c)d t A s 0, Using the 
ponderomotive forces (|10[) . we can identify the slowly 
varying vector potential as 
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Owing to the well-known relation B = V x A, the 
vector field (1111) induces a slowly varying magnetic field 



B, 



B, 
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This magnetic field interacts with electrons and induces 
an electron cyclotron frequency fi cs = —eB s /m e c. Tak- 
ing the approximation V x (k|Ei| 2 ) sa fc|Ei| 2 /L, where 
L is the scale length of |Ei| 2 0,@|- The induced electron 
cyclotron frequency is given by 



2lu 3 L 



V 2 

v i 



(13) 



where V = e\Ei\/m e uj is the electron quiver veloc- 
ity. Notice that when magnetic monopoles are neglected, 
Q cs = and there are no magnetization. 



IV. CONCLUSIONS 

Starting from the inclusion of magnetic charges in 
Maxwell's equations, we have studied the simple prob- 
lem of propagation of electromagnetic waves in a cold 
electron plasma. We have shown that when magnetic 
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monopoles are introduced in an electron plasma, the dis- 
persion relation flSJ), and thereby the propagation of elec- 
tromagnetic waves, is modified because of the magnetic 
monopole plasma frequency ([7)1. 

Due to the presence of the magnetic monopoles, the 
plasma is magnetized with a magnetic field given by 
Eq. (|12p . which is of g 2 order. However, it can inter- 
act with the electrons inducing an electron cyclotron fre- 
quency. The frequency ((13)) is only due to the pondero- 
motivc force related to time variation of the field intensity 
and which is induced by magnetic charges. It depends on 
the magnetic monopole plasma frequency u> m and on the 
propagation mode |J5]) through uj. Finally, notice that the 
magnetization and the cyclotron motion decrease when 
the frequency of the electromagnetic wave increase. 



The above calculations of the dispersion relation and 
of the plasma magnetization are very simple. There- 
fore, they are useful as a pedagogical tool for teaching 
the recognition of basic phenomena arising of magnetic 
charges in plasmas, and of how these simple effects can 
bring new insights of the electron plasma dynamics at 
classical level. 



Acknowledgments 

P. S. M. thanks to CONICyT, Chile Doctoral Fellow- 
ship for their financial support. 



[1] J. D. Jackson, Classical Electrodynamics, John Wiley & 

Sons, Inc. 3rd Edition (1999). 
[2] P. A. M. Dirac, Proc. R. Soc. London A133, 60 (1931). 
[3] P. A. M. Dirac, Phys. Rev. 74, 817 (1948). 
[4] F. Moulin, Nuovo Cimento B 116, 869 (2001). 
[5] I. Bialynicki-Birula and Z. Bialynicka-Birula, Phys. Rev. 

D 3, 2410 (1971). 



[6] N. Meyer- Vernet, Am. J. Phys. 50, 846 (1982). 
[7] Y. -D. Jung and I. Murakami, Phys. Lett. A 373, 969 
(2009). 

[8] N. Shukla et al, Phys. Lett. A 374, 1749 (2010). 
[9] V. I. Karpman and H. Washimi, J. Plasma Physics 18, 
173 (1977). 



